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Background of the Invention 
The present invention generally relates to 
temperature control systems for maintaining the 
temperature of an electronic device at a 
predetermined temperature while the device is being 
tested. 

Testing equipment has been utilized in the 
electronics industry to test the operation of 
integrated circuits and other electronic devices 
maintained at a predetermined temperature. 
Generally, the testing equipment will include a 
thermal head having a temperature controlled surface 
for contacting the electronic device being tested. 
The thermal head is simultaneously heated and cooled 
in an attempt to maintain the predetermined 
temperature. The test equipment users (i.e., 
electronic device manufacturers) generally specify 
that the thermal head be capable of maintaining the 
predetermined temperature under all conditions with a 
variance of ±3°C. 

With some such testing equipment, the 
predetermined temperature can be varied at the option 
of the technician conducting the testing procedure. 
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Thus, electronic devices can be tested at multiple 
temperatures to simulate a wide variety of operating 
conditions. In order to produce the desired 
temperature at the thermal head, these devices have 
circulated a chilled liquid, such as water or 
ethylene glycol, through the thermal head. The 
liquid itself is chilled in a heat exchanger 
including the evaporator of a separate refrigeration 
system. In other words, the evaporator is cooled by 
the refrigeration system, which then serves to chill 
the circulating liquid. Heat may be added by heating 
elements incorporated into the thermal head when 
necessary to maintain the predetermined temperature. 

This prior art technique of using a separate 
liquid loop presents a number of significant 
disadvantages. For example, additional maintenance 
requirements are contributed by the presence of the 
liquid loop. Moreover, the entire "cool side" of the 
liquid loop will often be below dew point, thus 
requiring extensive insulation. Often, it takes 
systems utilizing a liquid loop up to an hour to 
reach the desired temperature before testing can 
begin. The liquid loop also increases the size and 
power consumption requirements of the testing system. 

Summary of the Invention 

In one aspect, the present invention provides an 
apparatus for controlling the temperature of an 
electronic device under test. The apparatus 
comprises a thermal head having a temperature 
controlled surface for making thermal contact with 
the electronic device. The thermal head defines a 
flow channel for passage of a refrigerant fluid so as 
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to cause transfer of thermal energy between the 
electronic device and the thermal head. 

The apparatus further includes a refrigeration 
system in fluid communication with the flow channel 
of the thermal head to supply refrigerant fluid 
thereto. The refrigeration system includes a 
metering valve operative to regulate flow of the 
refrigerant fluid. The metering valve is located 
operatively adjacent the flow channel of the thermal 
head so as to regulate introduction of refrigerant 
fluid into the thermal head. A controller is 
operative to control the metering valve for 
maintaining a predetermined temperature at the 
temperature controlled surface. 

In some exemplary embodiments, the refrigeration 
system includes a capillary tube having a first end 
and a second end. The second end of the capillary 
tube is connected to be in fluid communication with 
an inlet of the flow channel of the thermal head. 
The metering valve in such embodiments may be located 
at the first end of the capillary tube. 

The controller is preferably adapted to allow 
the predetermined temperature to be varied by a user. 
In this regard, the metering valve may be a pulsing 
valve operated by a pulse width modulated (PWM) 
signal. For example, the pulsing valve is preferably 
actuated at least once per second. The controller 
itself may be a PID controller. 

It will often be desirable to equip the thermal 
head with at least one heater device also controlled 
by the controller. For example, the thermal head may 
be equipped with a plurality of cartridge heaters. 
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Other aspects of the present invention are 
provided by an apparatus for controlling the 
temperature of an electronic device under test. The 
apparatus comprises a refrigeration system including 
a compressor and a condenser. The refrigeration 
system is operative to circulate a refrigerant fluid 
through a fluid flow loop such that the refrigerant 
fluid will change between gaseous and liquid states 
so as to alternately absorb and release thermal 
energy. 

The apparatus further includes a thermal head 
having a temperature controlled surface. The thermal 
head defines a flow channel for passage of the 
refrigerant fluid to thereby function as an 
evaporator in the refrigeration system. A metering 
valve is located operatively adjacent the evaporator 
in the fluid flow loop. The metering valve is 
operative to regulate introduction of refrigerant 
fluid into the flow channel of the thermal head for 
maintaining a predetermined temperature at the 
temperature controlled surface. 

Still further aspects of the present invention 
are provided by an apparatus for controlling the 
temperature of an electronic device under test. The 
apparatus comprises a refrigeration system including 
a compressor and a condenser. The refrigeration 
system is operative to circulate a refrigerant fluid 
through a fluid flow loop such that the refrigerant 
fluid will change between gaseous and liquid states 
so as to alternately absorb and release thermal 
energy. 
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The apparatus further includes a thermal head 
having a temperature controlled surface. The thermal 
head defines a flow channel for passage of the 
refrigerant fluid to thereby function as an 
evaporator in the refrigeration system. At least one 
heater device is operative to supply thermal energy 
to the thermal head. 

A metering valve is adjacent the evaporator in 
the fluid flow loop. The metering valve is operative 
to regulate introduction of refrigerant fluid into 
the flow channel of the thermal head. A controller 
is operative to control the metering valve and the 
heater device for maintaining a predetermined 
temperature at the temperature controlled surface. 

Additional aspects of the present invention are 
provided by a method of maintaining an electronic 
device under test at a predetermined temperature. 
One step of the method involves providing a thermal 
head having both cooling capability and heating 
capability, the thermal head including a temperature 
controlled surface in thermal contact with the 
electronic device. A rate of change of instantaneous 
power consumption by the electronic device is then 
determined and compared with a predetermined 
threshold. If the rate of change exceeds the 
threshold in a manner indicating that instantaneous 
power consumption is decreasing, the heating 
capability of the thermal head is selectively 
activated. If said rate of change exceeds the 
threshold in a manner indicating that instantaneous 
power consumption is increasing, the cooling 
capability of the thermal head is selectively 
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activated. For example, the cooling and heating 
capability may be selectively activated by being 
activated at full operation for a predetermined 
period of time. 

Still further aspects of the present invention 
are provided by a refrigeration apparatus operative 
to circulate a refrigerant fluid through a fluid flow 
loop such that the refrigerant fluid will change 
between gaseous and liquid states so as to 
alternately absorb and release thermal energy. The 
refrigeration apparatus comprises a compressor 
operative to increase pressure of the refrigerant 
fluid in the gaseous state. A condenser is also 
provided, where the refrigerant fluid releases 
thermal energy while passing therethrough and changes 
to a liquid state. The refrigerant fluid absorbs 
thermal energy while passing through an evaporator to 
thereby change to a gaseous state . 

A metering valve is located operatively adjacent 
the evaporator in the fluid flow loop. The metering 
valve is operative to regulate introduction of 
refrigerant fluid into the evaporator. A controller 
is operative to control the metering valve for 
maintaining a predetermined temperature at the 
evaporator. 

Other objects, features and aspects of the 
present invention are discussed in greater detail 
below. 

Brief Description of the Drawings 
A full and enabling disclosure of the present 
invention, including the best mode thereof, to one of 
ordinary skill in the art, is set forth more 
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particularly in the remainder of the specification, 
including reference to the accompanying drawings, in 
which: 

Figure 1 is a diagrammatic representation of an 
apparatus constructed in accordance with the present 
invention for controlling the temperature of an 
electronic device under test; 

Figure 2 is a block diagram illustrating the 
manner in which the apparatus of Figure 1 functions 
as a closed loop system to maintain a predetermined 
temperature; 

Figure 3 is a flow diagram showing an additional 
open loop technique which can be used to further 
enhance the accuracy of the apparatus of Figure 1; 

Figure 4 is a side elevational view of a 
preferred embodiment of a thermal head assembly which 
can be utilized with the apparatus of Figure 1; 

Figure 5 is a view top plan view of the thermal 
head assembly of Figure 4 ; 

Figure 6 is an exploded view showing various 
parts of the thermal head assembly of Figure 4; 

Figure 7 is a bottom plan view of the thermal 
head component of the assembly of Figure 4 showing 
the temperature controlled surface thereof; 

Figure 8 is a cross sectional view taken along 
line 8-8 of Figure 7; and 

Figure 9 is a cross sectional view taken along 
line 9-9 of Figure 8. 

Repeat use of reference characters in the 
present specification and drawings is intended to 
represent same or analogous features or elements of 
the invention. 
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Detailed Description of Preferred Embodiments 
It is to be understood by one of ordinary skill 
in the art that the present discussion is a 
description of exemplary embodiments only and is not 
intended as limiting the broader aspects of the 
present invention, which broader aspects are embodied 
in the exemplary constructions. 

Figure 1 illustrates an apparatus for 
controlling the temperature of an electronic device 
10 under test ("DUT" ). In this case, device 10 is an 
integrated circuit device mounted in a suitable test 
fixture 12. Test fixture 12 supplies the energy to 
power device 10, as well as the various read/write 
commands by which the performance of device 10 is 
evaluated. 

A thermal head 14 has a temperature controlled 
surface 16 in thermal contact with device 10. In 
this case, thermal head 14 is attached to the end of 
a movable rod 18 which operates to move temperature 
controlled surface 16 into and out of engagement with 
device 10 (as indicated by arrow A) . For example, 
rod 18 may form the piston rod of a pneumatic 
cylinder which is actuated to position thermal head 
14 adjacent the device to be tested. 

As shown, a thermocouple 20 or other suitable 
sensor is provided at temperature controlled surface 
16 to detect the temperature of device 10. This 
information is fed to a processor 22 for controlling 
the operation of thermal head 14 so as to maintain a 
predetermined temperature. For example, the 
temperature to be maintained is entered by a user at 
temperature selector 24. One skilled in the art will 
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recognize that the functions of processor 22 and 
temperature selector 24 may be performed by a single 
digital computer or the like. 

Thermal head 14 is preferably configured having 
both cooling and heating capability to accurately 
maintain a wide range of possible temperatures. In 
this case, for example, thermal head 14 has a cooled 
portion 26 situated between temperature controlled 
surface 16 and a heated portion 28. Heated portion 
28 includes one or more heating elements 30 operative 
to supply thermal energy when the temperature of 
device 10 drops below the desired temperature. A 
suitable driver 32 is controlled by processor 22 so 
as to supply the requisite power to operate heating 
element 30. 

Cooled portion 26 of thermal head 14 forms the 
evaporator of a refrigeration system also including a 
compressor 32 and a condenser 34. The refrigeration 
system employs a refrigerant fluid, such as R134a, 
circulated so as to alternately absorb and release 
thermal energy. This occurs when the refrigerant 
fluid changes between gaseous and liquid states in 
accordance with the well-known refrigeration cycle. 

In particular, the refrigerant fluid absorbs 
excess thermal energy at the location of device 10 
when refrigerant fluid "evaporates" from a liquid 
state to a gaseous state. This evaporation occurs in 
a fluid flow channel 36 defined in thermal head 14. 
The low pressure gas exiting thermal head 14 is then 
fed along pipe 38 to compressor 32. The resulting 
high pressure gas is fed to condenser 34 by pipe 40, 
where accumulated thermal energy dissipates. As a 
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result, the refrigerant fluid is condensed to liquid 
form. 

High pressure liquid from condenser 34 is fed 
back toward thermal head 14 along pipe 42 and 
capillary tube 44. An "expansion valve" is formed in 
this case by the interface of capillary tube 44 and 
fluid flow channel 36. Specifically, the refrigerant 
in liquid form undergoes a pressure drop as it leaves 
the small inner diameter of capillary tube 44 and 
enters the larger enclosed volume at the inlet of 
flow channel 36. This pressure drop causes a 
reduction in temperature as predicted by the ideal 
gas law. 

The apparatus shown in Figure 1 is operative to 
maintain the selected temperature at temperature 
controlled surface 16 with high accuracy. In 
general, this temperature can be easily controlled 
over a specified range within the ±3°C requirement. 
For example, the apparatus is capable of operating 
over a specified range between -100°C to +200°C with 
an accuracy of ±0.5°C in presently preferred 
embodiments . 

To tightly control the selected temperature, a 
metering valve 4 6 is located operatively adjacent to 
thermal head 14 so as to regulate flow of refrigerant 
fluid into flow channel 36. Although the use of 
various proportional valves is contemplated, the 
illustrated embodiment utilizes a normally closed 
solenoid pulsing valve controlled by a pulse width 
modulated (PWM) signal. The duty cycle of the PWM 
signal is chosen by processor 22 so as to maintain 
the desired temperature. 
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Preferably, metering valve 4 6 may be located 
within 18 inches of the inlet to flow channel 36 so 
as to regulate flow of refrigerant fluid thereto 
without substantial lag times. In the illustrated 
embodiment, for example, metering valve 4 6 may be 
located at the inlet to capillary tube 44. Often, 
capillary tube 44 will have a length of no more than 
about 12 inches. The relatively short length and 
small inner diameter of capillary tube 44 ensures a 
quick reaction time between operation of valve 44 and 
the temperature at temperature controlled surface 16. 

Kryotech, Inc., the assignee of the present 
invention, has previously developed testing equipment 
in which the thermal head is configured as an 
evaporator in a refrigeration system. Refrigerant 
fluid passes to the thermal head in liquid form, 
where it is expanded. The resulting temperature drop 
absorbs thermal energy for the electronic device 
being tested so as to maintain a predetermined 
temperature. One such system utilized a valve 
adjacent the outlet of the condenser operating under 
the control of a proportional controller. As in many 
embodiments of the present invention, the compressor 
and condenser were located several feet (e.g., 4-5 
feet) away from the thermal head in the flow loop of 
the refrigerant fluid. In part because of the 
distant location of the valve, this system was 
capable of controlling the selected temperature only 
to an accuracy of about ±10°C. 

An overall diagram of the closed loop control 
system provided by the apparatus of Figure 1 is shown 
in Figure 2. In this case, the control system is 
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depicted as a digital control system, although one 
skilled in the art will recognize that various analog 
systems can also be constructed in accordance with 
the present invention. As shown, thermocouple 2 0 
provides a continuous temperature signal y(t) which 
is sampled and digitized, as indicated at 48, to 
yield a sampled temperature signal y(kT) . Signal 
y(kT) is then compared with an ideal temperature 
signal r(kT), as indicated at 50, to produce an error 
signal e (kT) . 

As indicated at 52, processor 22 implements a 
control algorithm on error signal e(kT) to produce a 
correction signal u(kT) . In presently preferred 
embodiments, the control algorithm may be a 
proportional plus integral plus derivative (PID) 
control algorithm as shown. The correction signal 
u(kT) is pulse width modulated, as indicated at 54, 
or otherwise transformed to an appropriate analog 
signal u(t) for operation of the temperature control 
apparatus (or "plant") 56. For example, the 
correction signal u(kT) may contain instructions for 
operation of both the system f s cooling and heating 
capability. 

It will be appreciated that the closed loop 
system shown in Figure 2 is very effective at 
maintaining the desired temperature under steady 
state operating conditions. Preferably, this system 
will sample the temperature signal and produce a 
desired correction signal at least once per second. 
For example, the temperature at surface 16 is sampled 
at least every 300 ms by this closed loop portion of 
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the control system in presently preferred 
embodiments . 

Due to the low mass of electronic devices, 
however, they may dramatically change their 
temperature faster than a purely closed loop system 
can effectively compensate. Because such a change in 
temperature will virtually always be due to a change 
in power consumption (with some slight thermal lag) , 
the instantaneous power consumption of the electronic 
device can be used to directly predict rapid changes 
in device temperature. Thus, as shown in Figure 1, 
processor 22 preferably receives a signal 58 from 
test fixture 12 indicating the power consumption of 
electronic device 10. 

Figure 3 illustrates one manner in which 
processor 22 may utilize the power signal from test 
fixture 12. After the process has started (as 
indicated at 60) , the instantaneous power consumption 
of device 10 is sampled (as indicated at 62) . In 
order to quickly respond to predicted temperature 
variations, processor 22 preferably samples the power 
consumption many times per second. For example, the 
power consumption may be sampled 20-50 times per 
second or more in accordance with presently preferred 
embodiments of the present invention. 

The rate of change of power consumption (i.e., 
the first derivative of the power consumption) is 
then compared against a predetermined threshold (as 
indicated at 64) . If the rate of change does not 
exceed the threshold, the process loops back for the 
next sample . 
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If the rate of power consumption does exceed the 
predetermined threshold, processor 22 determines 
whether the power consumption is increasing or 
decreasing (as indicated at 66) . A positive power 
change indicates that the temperature of the 
electronic device will be increasing. Similarly, a 
negative power change indicates that the temperature 
of the electronic device will be decreasing. Action 
can be immediately taken to counteract these 
predicted temperature changes as they are occurring. 

For example, the system may be activated into a 
full cooling mode (as indicated at 68) when the rate 
of power consumption exceeds the threshold in the 
positive direction. Full heating mode can be 
similarly activated (as indicated at 70) when the 
rate of power consumption exceeds the threshold in 
the negative direction. Preferably, this open loop 
control system will maintain full cooling or heating 
just long enough to counteract the dramatic 
temperature change. In presently preferred 
embodiments, for example, the full "on" operation of 
either heating or cooling is maintained for about 200 
milliseconds. The closed loop control system will 
then continue as usual to maintain the temperature of 
electronic device 10. 

Figures 4-6 illustrate a thermal head assembly 
72 that may be used with the apparatus of Figure 1. 
As shown, assembly 72 includes a thermal head 74 
having a cooled portion 76 integrated with a heated 
portion 78. Refrigerant fluid enters cooled portion 
76 through capillary tube 80 and exits via outlet 
pipe 82. In this case, heated portion 78 defines a 
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plurality of transverse holes 84 in which respective 
cartridge heaters are inserted. Leads from the 
thermocouple exit through a central vertical hole 86. 

As shown, thermal head 74 may be adapted to mate 
with the particular configuration of a socket cover 
88 (which is part of the test fixture) . In this 
case, for example, socket cover 88 includes a pair of 
upstanding aligning pins 90. Pins 90 are received in 
the area between an adjacent pair of ears 92 located 
on the lower periphery of thermal head 74 . 

Preferably, thermal head 74 is received in a 
housing block 94 formed of a suitable insulative 
material, such as nylon 6/6. A gimbal assembly 96 is 
attached to housing block 94 to facilitate even 
mating between thermal head 74 and the device under 
test. In this case, assembly 96 includes a lower 
plate 98 and an upper plate 100 interconnected by a 
plurality of corner posts, such as post 102. Each of 
the corner posts is surrounded by a helical spring 
such as spring 104 to normally urge plates 98 and 100 
away from one another. 

As shown in Figure 7, a temperature controlled 
surface 106 is defined on the bottom of thermal head 
74. Surface 106 is preferably polished or otherwise 
configured so as to exhibit exceptional flatness and 
thus a relatively high reflectivity. The 
thermocouple is received in a central hole 108 
defined as shown in surface 106. 

Further details regarding the construction of 
thermal head 74 can be most easily explained with 
reference to Figure 8. As one skilled in the art 
will appreciate, thermal head 74 is preferably made 
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of materials which exhibit high thermal conductivity. 
At the same time, thermal head 74 is configured to 
have low mass in order to allow rapid transfer of 
thermal energy. In this regard, cooled portion 76 
may be formed of copper with heated portion 78 being 
formed of brass. The two pieces can be joined 
together such as by brazing to yield an integral 
structure . 

Figure 9 shows an exemplary flow channel 110 
which can be defined in cooled portion 76. In this 
case, refrigerant fluid enters through inlet 112 and 
moves along the serpentine pattern of flow channel 
110. Absorbed thermal energy causes the refrigerant 
to evaporate before exiting through outlet 114. In 
this embodiment, flow channel 110 is formed by 
individual drilled holes that are connected along the 
length of the path. 

It can be seen that the present invention 
provides apparatus and methods for maintaining an 
electronic device under test at a selected 
temperature. Because the system uses a circulating 
refrigerant fluid instead of a liquid loop, the 
various disadvantages of liquid loop systems are 
eliminated. For example, there is no need for 
insulation of pipes as is required in a liquid loop 
system because all of the parts except the evaporator 
and suction tube back to the compressor remain at 
ambient temperature. . For the same reason, many of 
the condensation issues presented by liquid loop 
designs are also eliminated. Set up time and energy 
efficiency are also improved in comparison with the 
prior art liquid loop systems. 



17 

While preferred embodiments of the invention 
have been shown and described, modifications and 
variations may be made thereto by those of skill in 
the art without departing from the spirit and scope 
of the present invention. It should also be 
understood that aspects of various embodiments may be 
interchanged both in whole or in part. Furthermore, 
those of ordinary skill in the art will appreciate 
that the foregoing description is by way of example 
only, and is not intended to be limitative of the 
invention so further described in the appended 
claims . 



